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ABSTRACT 


The  effect  of  induced  hypoxia  on  body  temperature  regula¬ 
tion  and  cardiopulmonary  function  ii  assessed  in  anesthetized 
dogs  under  warm,  neutral  and  cold  environments.  Hypoxia 
acts  differently  to  heat  conservation  (shivering)  and  heat 
dissipation  (thermal  panting)  mechanisms:  the  former  is 
suppressed,  while  the  latter  is  facilitated.  It  is  also  found 
that  the  suppression  of  shivering  is  partly  due  to  the  hypo¬ 
capnia  which  is  produced  under  hypoxia.  The  lethal  threshold 
of  acutely  induced  hypoxia  is  at  the  inspiratory  02  level  of 
approximately  3  per  cent  in  the  neutral  and  cold  environments, 
whereas  it  is  at  5  per  cent  in  the  warm  environment.  Under 
hypoxia,  the  total  ventilation  is  increased  two-  to  threefold. 

The  alveolar  ventilation,  however,  is  augmented  to  a  lesser 
degree  with  a  progressive  increase  in  physiological  dead 
space.  Contrary  to  respiration,  the  cardiac  output  is  only 
slightly  increased  (less  than  30  per  cent  over  the  control  value) 
under  hypoxia. 
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THE  EFFECT  OF  INDUCED  HYPOXIA  ON  THERMOREGULATION 
AND  CARDIOPULMONARY  FUNCTION 


SECTION  1.  INTRODUCTION 


One  of  the  prerequisites  for  the  effective  thermal  equilibrium  of  the 
mammalian  body  is  the  adequate  supply  of  oxygen  for  its  biochemical  process 
of  oxidation.  By  artificially  depriving  oxygen  supply  from  the  body  it  is 
anticipated  that  some  of  the  essential  thermoregulatory  mechanisms  are  dis¬ 
turbed  and  that  the  cardiopulmonary  functions  which  bear  direct  relation  to 
the  gas  transport  are  altered. 

The  purpose  of  the  present  investigation  is  to  delineate  the  nature  and  the 
extent  of  such  disturbances  and  alterations  brought  about  by  induced  hypoxia 
under  various  thermal  environments  in  the  anesthetized  animal. 

Particular  attention  is  given  to  the  disturbance  of  body  temperature  regu¬ 
latory  mechanisms,  such  as  central  and  peripheral  temperatures,  shivering 
and  thermal  panting.  A  critical  assessment  of  the  cardiorespiratory  func¬ 
tions  is  made  with  special  reference  to  the  oxygen  consumption,  arterio¬ 
venous  oxygen  difference  and  cardiac  output. 


SECTION  2.  SUMMARY 


The  effect  of  induced  hypoxia  on  body  temperature  regulation  and  cardio¬ 
pulmonary  function  is  assessed  in  55  anesthetized  dogs  under  warm  (45°  C), 
neutral  (25°  C)  and  cold  (5°  C)  environments.  Hypoxia  is  produced  by  the 
rebreathing  technique  at  the  inspiratory  levels  of  9%,  7%  and  5%,  the 
corresponding  arterial  (^saturation  being  45%,  37%  and  25%  respectively. 

In  the  neutral  series  the  core  temperature  falls  from  38°  to  35°  C,  and 
the  peripheral  temperature  from  36°  to  33°  C  under  hypoxia.  In  the  cold 
series  the  temperature  changes  are  more  prominent,  the  core  temperature 
falling  from  38°  to  30°  C  and  the  peripheral  temperature  from  34°  to  23°  C. 
In  the  warm  series  both  central  and  peripheral  temperatures  are  elevated 
from  38°  to  43°  C. 
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The  reduction  of  body  temperature  under  hypoxia  is  mainly  due  to  the 
suppression  of  shivering  as  reflected  in  the  02  consumption  and  the  electro¬ 
myogram.  An  attempt  is  made  to  elucidate  further  the  mechanism  of  this 
suppression.  It  is  concluded  that  it  is  partly  due  to  the  hypocapnia  because 
the  prevention  of  hypocapnia  repeatedly  restores  the  intensity  of  shivering  to 
a  certain  extent.  Nevertheless,  it  appears  that  there  is  also  another 
unknown  mechanism  involved. 

Contrary  to.  the  suppression  of  shivering,  thermal  panting  is  invariably 
facilitated  by  hypoxia.  Since  the  available  data  suggest  that  sweating  is  also 
facilitated  by  hypoxia,  it  is  concluded  that  hypoxia  acts  differently  to  heat 
conservation  and  heat  dissipation  mechanisms:  the  former  is  depressed 
while  the  latter  is  facilitated. 

The  relationship  between  the  alveolar  CO2  level  and  shivering  has  been 
investigated.  The  shivering  response  to  hypocapnia  (produced  by  artificial 
hyperventilation)  or  hypercapnia  (produced  by  CO2  breathing)  is  not  always 
consistent.  Additional  investigation  in  the  future  along  this  line  is  warranted. 

The  lethal  threshold  of  acutely  induced  hypoxia  in  the  lightly  anesthetized 
dogs  is  at  the  inspiratory  O2  level  of  approximately  3  per  cent  in  the  neutral 
and  the  cold  environments.  However,  the  animals  succumb  to  hypoxia  at  the 
higher  inspiratory  O2  level  of  about  5  per  cent  in  the  warm  environment  indi¬ 
cating  a  lowered  tolerance  to  hypoxia  under  heat  stress. 

The  study  of  metabolic  rate  under  hypoxia  requires  a  careful  interpreta¬ 
tion.  Since  the  O2  consumption  is  not  significantly  altered  under  hypoxia 
despite  the  concomitant  depression  of  shivering  and  body  temperature,  it  is 
concluded  that  the  true  O2  consumption  during  hypoxia  is  probably  slightly 
higher  than  the  control  level  (room-air  breathing). 

Hypoxia  stimulates  respiration  causing  two-  to  threefold  increases  in 
total  ventilation.  In  consequence  the  alveolar  PCO2  *8  l°wered  and  the 
arterial  pH  is  elevated.  The  alveolar  ventilation  is  also  augmented  but  its 
rate  of  increase  is  of  a  lesser  degree  than  that  of  the  total  ventilation.  There 
is  a  progressive  increase  in  physiological  dead  space  in  proportion  to  the 
severity  of  hypoxia. 

During  hypoxia  the  cardiac  output  is  increased  only  slightly  (up  to  29  per 
cent  of  the  control  value)  but  due  to  the  large  variation  within  the  same  ani¬ 
mal  as  well  as  among  the  different  animals,  the  increase  is  not  statistically 
significant.  The  heart  rate  and  the  systemic  arterial  blood  pressure  are 
elevated  in  hypoxia.  The  arteriovenous  O2  difference  remains  constant  at 
the  hypoxia  levels  of  9%  and  7%  02.  At  5%  02,  however,  it  begins  to  fall. 

The  ratio  of  the  alveolar  ventilation  and  the  cardiac  output  in  hypoxia  is  sig¬ 
nificantly  higher  in  hypoxia  than  in  room-air  breathing. 
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SECTION  3.  METHODS 


Experiments  were  conducted  on  55  mongrel  dogs  with  body  weights  rang¬ 
ing  from  12  to  27  kg.  The  dogs  were  anesthetized  with  10  mg/kg  nembutal 
and  175  mg/kg  sodium  barbital  intravenously.  Following  anesthesia  the  ani¬ 
mals  were  depilated  and  were  placed  on  an  animal  board  in  the  supine  posi¬ 
tion.  The  tracheotomy  was  performed  and  the  right  femoral  artery  and  vein 
were  exposed  through  incision  and  dissection  to  allow  introduction  of  an 
intravenous  catheter  (Kifa  red  catheter,  o.  d.  0.086  inches,  i.  d.  0.056  inches). 
Following  heparinization  the  arterial  catheter  (150  cm  in  length)  was  inserted 
to  the  region  of  the  descending  aorta  in  the  thorax.  The  venous  catheter 
(145  cm  in  length)  was  inserted  into  the  right  ventricle  as  determined  by  the 
change  of  intra-cardiac  pressure  observed  on  the  oscillograph  (Visicorder). 
All  surgical  procedures  were  performed  using  aseptic  technique  to  avoid 
possible  contamination  with  pyrogens. 

The  body  temperatures  were  continuously  registered  on  a  Honeywell 
automatic  temperature  recorder  through  copper- con stantan  thermocouples 
(30  gauge).  The  central  temperature  was  measured  in  the  esophagus  (approx¬ 
imately  12  inches  deep  from  the  incisor)  or  in  the  rectum  (approximately  2 
inches  deep).  The  peripheral  temperatures  were  monitored  at  the  forehead, 
chest,  upper  and  lower  forelegs,  upper  and  lower  hind  legs  and  foot.  From 
these  peripheral  temperatures  the  mean  skin  temperature  was  estimated  by 
means  of  Burton's  (1935)  equation.  To  provide  a  known  thermal  stress  to  the 
animals  a  temperature  chamber  was  used.  It  was  made  of  plywood,  meas¬ 
ured  approximately  3.  0  x  3.  5  x  8.  0  feet  and  was  insulated  by  Rockwool.  The 
inside  temperature  of  the  chamber  was  maintained  automatically  at  any 
desired  level  within  ±  1°  C  over  the  range  of  0  to  50°  C.  Three  thermal 
levels  were  used:  neutral,  cold  and  warm  environments,  where  the  chamber 
temperatures  were  maintained  at  25°,  5°  and  45°  C,  respectively,  with  a 
relative  humidity  of  approximately  20%  to  30%. 

Hypoxia  was  induced  by  means  of  a  rebreathing  system,  which  is  shown 
schematically  in  Figure  1.  This  system  consisted  of  a  spirometer  (9  liter 
capacity),  a  canister  for  CO2  absorption,  a  large  carboy  for  mixing  of  ex¬ 
pired  air,  a  Beckman  O2  analyzer  and  another  spirometer  (4  liter  capacity) 
for  O2  supply.  As  an  animal  rebreathed  in  the  closed  system,  the  partial 
pressure  of  O2  in  the  system  fell  gradually  as  monitored  continuously  by  the 
O2  analyzer.  When  the  P02  reached  a  desired  level,  the  needle  valve 
between  the  spirometers  was  opened  introducing  100%  O2  into  the  system. 
Once  an  equilibrium  between  the  metabolic  rate  and  O2  supply  was  reached, 
the  spirometer  tracing  remained  horizontal.  With  this  system,  shown  in 
Figure  1,  it  was  possible  to  sustain  a  hypoxic  level  within  ±  3  mm  Hg  of  Pq2* 
The  advantages  of  using  this  rebreathing  system  were  that  it  was  readily 
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REBREATHING  SYSTEM 


A.  B«ckmon  oxygen  onolyzer 

B.  Aqua  pump 

C.  Three-way  stopcock 
0.  Trochaal  cannula 

E.  Collin*  valv* 

F.  Spinco  carbon  dioxid*  analyzor 

G.  Three-way  stopcock 

H.  Carboy  (5  liter  capacity) 

I.  Carbon  dioxide  absorber 

J.  Oxygen  tonk 

K.  McKesson  spirometer  (4 liter  capacity) 

L.  Manual  needle  valve 

M.  Flow  meter 

N.  Collins  spirometer  (9  liter  capacity) 
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Temperature  Chamber 


FIGURE  1.  Rebreathing  system 
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possible  to  reach  any  desired  level  of  hypoxia,  and  it  was  much  more  eco¬ 
nomical  than  using  commercial  gas  mixtures.  The  level  of  hypoxia  (in  terms 
of  O2  fraction  in  the  inspiratory  air)  in  the  neutral  series  were  9%,  7%  and 
5%;  in  the  cold  series,  9%  and  7%;  and  in  the  warm  series,  9%  or  7%.  In  the 
warm  series  the  body  temperature  increased  at  such  a  rate  that  the  observa¬ 
tion  was  possible  only  at  a  single  level  of  hypoxia.  The  duration  of  hypoxia 
in  each  hypoxia  level  was  30  minutes.  Following  this  period,  the  measure¬ 
ments  of  respiration  and  the  blood  samples  were  taken. 

In  the  time  control  studies  (room  air  breathing)  which  were  done  in  each 
series,  the  expired  air  was  collected  in  a  Douglas  bag  for  three  to  five 
minutes  at  the  end  of  the  35th,  80th,  125th  and  170th  minute.  The  content  of 
the  bag  was  determined  by  the  Scholander  gas  analyzer,  and  total  ventilation 
(Ve).  O2  consumption  (Vo2)>  CO2  production  (VC02)>  respiratory  gas  ex¬ 
change  ratio  (RER)  and  the  ventilatory  equivalent  for  O2  (Veq2)  were  com¬ 
puted.  During  the  collection  of  expired  gas,  respiratory  rate  if )  was  also 
counted.  In  the  closed  circuit  of  rebreathing,  total  ventilation  was  obtained 
from  the  tracings  of  the  spirometer  N,  and  O2  consumption  from  the  slopes 
of  spirometer  K.  The  continuous  registration  of  expired  CO2  fraction  is 
made  on  the  oscillograph  by  means  of  infrared  CO2  analyzer  (F  in  Figure  1). 
From  the  expired  CO2  fraction  and  the  respiratory  volume  measurement,  the 
CO2  output  was  estimated.  Occasionally  both  inspired  and  expired  airs  were 
sampled  simultaneously  from  the  side  arms  for  chemical  analyses.  These 
analyses  served  as  a  valuable  check  for  O2  and  CO2  levels  registered  on 
Beckman  O2  and  infrared  CO2  analyzers. 

The  blood  pressures  at  the  descending  aorta  and  the  right  ventricle  were 
recorded  on  the  oscillograph  employing  strain  gage  transducers  (Statham). 
The  blood  samples  were  taken  simultaneously  from  the  aorta  and  the  right 
ventricle  for  the  analyses  of  content,  O2  capacity,  total  CO2  content  and 
pH.  The  techniques  of  blood  gas  analyses  have  been  described  previously 
(Lim  et  al,  1958).  The  cardiac  output  was  estimated  by  means  of  Fick's 
principle.  Following  all  the  measurements,  the  O2  supply  was  shut  off  com¬ 
pletely  by  closing  the  needle  valve  L.  The  P02  continued  to  fall  to  a  lower 
level  until  the  animal  expired.  The  level  of  Pq2  at  m°ment  was 
designated  as  the  lethal  level  of  hypoxia. 

In  the  course  of  investigation  it  became  apparent  that  shivering  was 
influenced  by  the  level  of  CO2  in  the  inspiratory  air.  To  elucidate  further 
this  aspect,  additional  studies  were  made:  (A)  In  the  rebreathing  series,  the 
effect  of  hypoxia  on  shivering  was  observed  under  the  condition  where  the 
alveolar  CO2  tension  was  maintained  normal  or  slightly  above  normal.  This 
was  achieved  by  partially  by-passing  the  CO2  absorber  in  the  closed  system 
so  as  to  maintain  a  reasonably  high  CO2  level  in  the  inspiratory  gas.  (B)  In 
the  CO2  series,  the  shivering  animal  was  artificially  hyperventilated  with 
room  air  by  means  of  a  mechanical  respirator.  The  purpose  of  this 
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hyperventilation  was  to  observe  the  effect  of  lowered  alveolar  CO2  on 
shivering.  Conversely  the  shivering  animal  was  given  CO£  mixture  (5%  to 
6%  CO2  in  air)  to  determine  the  effect  of  increased  CO2  level  on  shivering. 

The  latter  series  was  carried  out  employing  an  open  circuit  method.  Through¬ 
out  these  studies  on  shivering,  the  electromyogram  (Gilson's  polygraph)  was 
taken  to  quantitate  the  intensity  of  shivering.  The  description  of  the  EMG 
technique  employed  has  been  published  (Lim,  I960). 


SECTION  4.  RESULTS 


Thermoregulatory  Mechanisms 

Alterations  of  Body  Temperature.  The  thermal  behaviors  in  hypoxia  in 
three  different  environments  (neutral,  cold  and  warm)  are  tabulated  in 
Table  1.  The  neutral  series  consists  of  17  dogs,  among  which  six  dogs  are 
for  the  time-control.  The  cold  and  warm  series  have  nine  animals  each, 
among  which  four  animals  are  for  the  time -control. 

In  the  control  group  of  neutral  series,  the  central  and  peripheral  temper¬ 
atures  are  well  maintained  within  normal  ranges  of  37.  7°  to  38.  3°  C,  and 
34.  2°  to  35.  5°  C,  respectively.  This  is  achieved  primarily  by  means  of  the 
involuntary  muscular  contractions  of  shivering  as  observed  in  most  of  the 
animals  in  this  series.  However,  as  soon  as  hypoxia  is  imposed,  the  central 
temperature  begins  to  fall  gradually,  as  shown  schematically  in  Figure  2. 

(The  dots  and  crosses  in  the  figure  are  the  actual  measurements  and  the 
lines  represent  the  arithmetic  means.  These  denotations  also  apply  to  the 
other  figures  in  this  report.  )  Thus,  in  the  hypoxia  group  the  core  tempera¬ 
ture  falls  from  the  initial  level  of  37.  6°  C  to  the  final  level  of  34.  9  C  at  the 
end  of  the  experiment.  The  peripheral  temperature  seems  to  fall  also  with 
hypoxia  but  the  difference  between  the  control  group  at  the  end  of  the  experi¬ 
ment  is  only  slight  (33.  3°  vs  34.  4°  C)  and  statistically  insignificant  (t=l.  25, 
d.  f.  =15,  0.  2<p<0.  3). 

These  trends  of  temperature  change  observed  in  the  neutral  series  are 
more  distinctly  demonstrated  in  the  cold  environment.  In  the  control  group 
of  the  cold  series  the  average  central  temperature  falls  from  37.  8°  to  35.  5°C 
during  the  first  30  minutes  and  then  is  maintained  at  about  35°  C  throughout 
the  rest  of  the  experimental  period  by  means  of  vigorous  shivering.  The 
peripheral  temperature  in  this  group  also  follows  a  similar  pattern,  falling 
from  34,  8°  to  29.  4°  C  during  the  first  30  minutes  and  then  being  kept  at  this 
level  throughout  the  rest  of  the  time.  Contrary  to  these,  the  thermal 
behaviors  of  the  hypoxia  group  are  characterized  by  the  continuous  decline  of 
both  central  and  peripheral  temperatures  as  shown  in  Figure  3.  In  this  group 
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Neutral  Series 


Table  1  cont'd 


Table  1  cont'd 
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Table  1  cont'd 


11 


37.8  35.5  35.5  35.3  35.3  36.0  36.0  36.3 

34.8  29.4  29.4  28.8  28.8  29.7  29.7  29.7 
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FIGURE  2.  Effect  of  hypoxia  on  body  temperature  FIGURE  3.  Effect  of  hypoxia  on  body  temperature 
in  neutral  environment  in  cold  environment 


the  core  temperature  falls  from  the  original  level  of  37.  2°  to  29.  6°  C  at  the 
end  of  170  minutes.  The  peripheral  temperature  also  follows  a  similar  pat¬ 
tern,  falling  from  the  original  level  of  33.  5°  C  to  a  low  level  of  22.  9°  C  at 
the  end  of  the  experimental  period.  These  reductions  of  body  temperature 
are  related  to  the  depression  of  shivering. 

In  marked  contrast  to  the  neutral  and  cold  series,  the  thermal  behaviors 
in  the  warm  environment  show  no  appreciable  difference  between  the  control 
and  hypoxia  groups.  As  a  matter  of  fact,  the  central  and  peripheral  temper¬ 
atures  reach  the  same  level  of  approximately  43°  C  at  the  end  of  125  minutes 
in  both  groups.  The  thermal  panting  observed  in  the  warm  series  seems  to 
be  independent  of  hypoxia  as  is  shown  below. 


Suppression  of  Shivering  and  its  Mechanism.  The  effect  of  hypoxia  on 
shivering  is  illustrated  by  comparing  the  O2  consumption  in  room-air  breath¬ 
ing  and  hypoxia  in  Figures  4  and  5.  In  the  control  group  of  the  neutral  series 
the  average  O2  consumption  ranges  from  119  cc/min  to  195  cc/min,  while  in 
hypoxia  it  is  from  88  cc/min  to  102  cc/min,  indicating  the  depressant  effect 
of  hypoxia  on  shivering  in  the  latter.  Such  an  influence  of  hypoxia  on  shiver¬ 
ing  is  distinctly  seen  in  the  cold  series.  In  this  series  the  initial  level  of 
O2  consumption  is  227  cc/min  (room-air  breathing).  This  is  greatly  reduced 
to  147  cc/min  with  7%  O2  and  then  further  reduced  to  70  cc/min  with  5%  O2. 
The  fact  that  such  depression  of  shivering  is  reversible  is  shown  by  the 
sharp  rise  of  O2  consumption  to  284  cc/min  when  the  animal  is  returned  to 
room-air  breathing  (Figure  5).  In  the  control  group  of  this  series  there  is  a 
continual  elevation  of  O2  consumption  due  to  shivering,  its  range  being  from 
269  cc/min  to  365  cc/min  throughout  the  experimental  period. 

Hypoxia  provokes  hyperventilation  leading  to  hypocapnia  as  shown  by  the 
reduced  alveolar  PCO2  (Tables  2  and  3).  In  the  neutral  environment  Pqq^ 
is  reduced  from  the  initial  level  of  41. 9  mm  Hg  to  14.  6  mm  Hg  at  the  end  of 
the  experiment,  whereas  in  the  cold  environment  Pqq^  *s  reduced  from 
43.  4  mm  Hg  to  31.9  mm  Hg  with  7%  C^.  That  the  hypoxia  produces  hypo¬ 
capnia  is  demonstrated  by  comparison  of  pco7  of  the  control  group  and  that 
of  the  hypoxia  group  in  both  series.  In  the  coi&rol  group  there  is  no  sig¬ 
nificant  deviation  in  PCO2  despite  moderate  to  vigorous  shivering.  Also 
notice  the  immediate  recovery  of  Pc 02  on  returning  to  the  room  air  from 
hypoxia  (7%  O2)  in  the  cold  series.  The  latter  finding  serves  as  additional 
evidence  of  hypocapnia  induced  by  hypoxia. 

In  the  elucidation  of  suppressor  mechanism  of  shivering  in  hypoxia,  a 
working  hypothesis  is  advanced  in  which  lowered  PCO2  *s  cons^ered  as  a 
likely  cause.  To  test  this  hypothesis  the  following  two  series  of  studies  have 
been  performed.  The  first  comprises  four  animals  in  which  the  fall  of  the 
alveolar  PCO2  during  hypoxia  has  been  artificially  prevented  in  the  cold 
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Table  2.  PuJmunary  Ventilation  during  induced  hypoxia 
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Table  2  cont'd. 
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Abbreviations:  ... 

PlOj.  Vg,  f,  Vr,  V02.  Vco2»  R£R>  PH»  (co2>p.  paco2>  VA>  vA/v§  *nd  TC  represent  inspiratory  02  fraction,  total  ventilation, 

respiratory  rate,  tidal  volume,  O2  intake,  CO2  output,  respiratory  exchange  ratio,  hydrogen  concentration,  plaaaa  CO2 
content,  arterial  OO2  tension,  alveolar  ventilation,  the  ratio  of  alveolar  to  total  ventilation  and  the  core  temperature 
respectively. 
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Abbreviations:  Fi^,  C^,  Cy^,  <a-v)02,  <5,  f,  V,.  F,..  and  represent  inspiratory  02  fraction,  arterial 

02  content,  nixed  venous  02  content,  arteriovenous  02  difference,  cardiac  output,  heart  rate,  stroke  voluae, 

systemic  arterial  pressure  and  ventilation-perfusion  ratio,  respectively. 


environment  by  the  partial  rebreathing  technique  as  described  in  the  section 
on  Methods.  Should  the  reduction  of  PCO2  so^e  mechanism  of  sup¬ 

pression  of  shivering  during  hypoxia,  then  the  maintenance  of  Pc02  at  or 
near  the  control  level  would  prevent  such  a  suppression  of  shivering. 

The  data  on  the  rebreathing  series  are  summarized  in  Table  4.  Compar¬ 
ison  of  these  data  with  those  presented  in  Table  2  (cold  series  with  hypoxia) 
shows  that  at  the  end  of  the  second  period  of  the  experiment  (i.  e.  80th 
minute)  the  mean  alveolar  P qq^  are  38.5  mm  Hg  in  the  rebreathing  series 
and  31. 6  mm  Hg  in  the  cold  series,  the  difference  in  PqOz  being  almost 
7  mm  Hg.  Under  these  circumstances,  in  confirmation  of  our  hypothesis, 
the  intensity  of  shivering  in  two  series  shows  a  considerable  difference  as 
reflected  in  the  O2  consumption.  In  the  rebreathing  series  the  initial  level 
of  O2  consumption  is  210  ml/min  and  it  rises  to  253  ml/min  under  either  9% 
or  7%  O2  (Table  4).  On  the  other  hand  the  02  consumption  is  reduced  from 
the  initial  level  of  227  ml/min  to  147  ml/min  in  the  cold  series  under  9%  O2 
(Table  2).  In  the  statistical  analysis,  the  difference  in  O2  consumption 
during  the  first  period  (35th  minute)  and  the  second  period  (80th  minute)  in 
the  cold  series  and  the  rebreathing  series  is  compared  in  groups  as  shown 
in  Table  5.  It  is  clear  statistically  that  there  is  a  significant  difference  in 
O2  consumption  between  the  rebreathing  series  (C)  and  the  cold  series 
(hypoxia)  (B),  while  the  difference  between  the  rebreathing  series  (C)  and  the 
cold  series  (time-control)  (A)  is  not  determinable. 

Although  it  is  now  established  that  the  hypocapnia  is  definitely  a  factor  in 
suppression  of  shivering,  further  analysis  of  Table  4  and  other  related  data 
suggest  that  the  suppression  of  shivering  in  hypoxia  cannot  be  attributed 
solely  to  the  hypocapnia.  The  evidence  for  the  latter  conclusion  is  exem¬ 
plified  in  the  shivering  responses  seen  in  animals  No.  47  and  No.  48 
(Table  4)  under  transitions  from  hypoxia  (9%)  to  the  air  and  back  to  hypoxia 
(7%).  If  the  hypocapnia  were  the  sole  mechanism  of  suppression  of  shiver¬ 
ing,  then  the  intensity  of  shivering  as  reflected  in  the  O2  consumption  in  the 
rebreathing  series  should  be  maintained  at  a  high  level,  as  it  is  in  the  cold 
series  with  room-air  breathing.  As  shown  in  Table  4,  it  is  not  the  case  in 
both  animals  because  the  return  to  the  air  from  9%  O2  tends  to  increase  O2 
consumption  and,  conversely,  the  imposition  of  7%  O2  is  followed  by  a 
moderate  reduction  of  O2  consumption. 

The  partially  restored  shivering  during  the  rebreathing  series  is  also 
observed  in  the  electromyograms  taken  during  the  shivering.  Figure  6 
illustrates  the  pattern  of  muscle  potentials  under  three  different  conditions; 
namely,  the  cold  series  (control),  the  rebreathing  series  and  the  cold  series 
(hypoxia).  It  may  be  seen  that  in  the  cold  series  (control)  the  intensity  of 
muscle  potentials  is  consistently  large  while  in  the  cold  series  (hypoxia)  it 
is  gradually  suppressed,  and  that  the  muscle  potentials  are  only  partially 
restored  in  the  rebreathing  series.  In  Figure  6  the  tracing  A  represents  the 
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33. 3  395  253  148  0.60  7.321  20.27  38.5  32.9 
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0.01  <p<  0.05 


actual  muscle  potentials  and  the  tracing  B  represents  the  integral  potential 
(10  second).  Strictly  speaking,  the  amplitude  of  tracings  between  different 
animals  are  not  comparable  because  the  sensitivity  of  the  amplifier  is  not 
always  the  same  among  the  animals. 

In  an  attempt  to  elucidate  further  the  effect  of  CO2  on  shivering,  a  study 
is  made  in  which  the  animal  is  given  CO2  mixture  and/or  is  hyperventilated 
artificially  by  a  respirator  in  the  cold  environment  (CO2  series).  The 
breathing  of  CO2  mixture  (6.  0%  to  6.  5%  CO2  in  the  air)  elevates  the  alveolar 
PCO 2  while  the  artificial  hyperventilation  lowers  it.  Under  these  conditions, 
if  there  is  a  correlation  between  the  intensity  of  shivering  and  PCO2*  i*  will 
serve  as  an  added  evidence  for  arguing  a  close  relationship  between  the  two. 

The  data  on  four  animals  of  CO2  series  are  summarized  in  Table  6.  The 
CO2  inhalation  which  raises  the  alveolar  PCO2  to  48  to  ^5  mm  Hg  does  not 
always  facilitate  the  shivering  as  reflected  in  the  O2  consumption.  In  fact, 
the  O2  consumption  is  reduced  in  two  animals  (No.  52  and  No.  55)  following 
15  minutes  of  CO2  inhalation  while  it  is  elevated  in  the  remaining  two  ani¬ 
mals  (No.  53  and  No.  54).  Likewise,  the  hypocapnia  produced  by  the  artifi¬ 
cial  hyperventilation  does  not  show  any  definitive  pattern  of  influence  on 
shivering.  In  both  animal  No.  54  and  No.  55  the  alveolar  Pqq2  *8  lowered 
to  18  mm  Hg,  yet  in  No.  54  the  shivering  is  suppressed  while  in  No.  55  it  is 
facilitated  as  shown  in  the  O2  consumption.  It  is  apparent  from  the  above 
data  that  further  study  is  needed  in  the  future  to  clarify  the  role  of  CO2  on 
shivering. 

Facilitation  of  Thermal  Panting.  Although  shivering  (heat  conservation 
mechanism)  is  suppressed  by  hypoxia  to  a  marked  degree,  the  similar  sup¬ 
pressor  action  of  hypoxia  does  not  apply  in  the  case  of  thermal  panting  (heat 
dissipation  mechanism).  As  shown  in  the  data  on  the  heat  series  (Table  2), 
hypoxia  facilitates  thermal  panting  despite  the  accompanying  hypocapnia. 
After  80  minutes  in  the  warm  environment  (period  II),  the  hypoxia  group  has 
an  average  total  ventilation  of  49.  112  L/min,  whereas  in  the  control  group  it 
reaches  an  average  of  35.  155  L/min.  A  statistical  evaluation  reveals  a 
highly  significant  difference  in  total  ventilation  between  the  two  groups 
(t=5.  43,  d.  f.  =7,  p<0.  001).  It  is  also  obvious  from  the  data  that  there  is  a 
definite  difference  in  the  respiratory  pattern  between  the  two  groups;  namely, 
in  the  hypoxia  group  the  respiration  is  deep  and  its  rate  does  not  exceed 
150/min,  while  in  the  control  group  breathing  is  shallow  and  more  rapid.  The 
facilitation  of  thermal  panting  is  further  indicated  in  other  respiratory 
parameters.  In  the  hypoxia  group  the  respiratory  exchange  ratio  and  pH  are 
higher,  and  the  alveolar  Pqq2  *8  *ower  than  the  control  group.  However, 
there  is  no  significant  difference  between  the  two  groups  in  core  temperature 
during  equivalent  periods. 
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Note:  COo  mixture  contains  6.0  -  6.51  C02  in  air 


Cardio r eapiratory  Functions 

Respiration.  The  ventilatory  response  to  hypoxia  in  three  different  envi¬ 
ronmental  temperatures  is  summarized  in  Table  2.  In  the  neutral  environ¬ 
ment,  hypoxia  increases  the  total  ventilation  from  its  initial  level  of 
3.  334  L/min  (room-air  breathing)  to  8.  738  L/min,  10.976  L/min,  and 
12.438  L/min  with  9%,  7%  and  5%  O2.  respectively  (160%,  230%  and  270% 
increases  over  the  control  value).  These  increases  are  brought  about  pri¬ 
marily  by  an  increased  respiratory  rate  and  a  secondary  elevation  of  the 
tidal  volume.  Interestingly  enough,  there  is  no  significant  difference  in 
consumption  at  all  three  levels  of  hypoxia.  Thus,  the  ventilatory  equivalent 
for  O2  is  raised  and  the  respiratory  exchange  ratio  tends  to  be  increased. 

The  alveolar  PcOz  s^ows  a  marked  reduction  along  with  the  depletion  of 
plasma  CO2  content.  The  arterial  pH  is  shifted  from  7.  3  to  approximately 
7.  5  at  the  end  of  the  experiment.  Although  the  alveolar  ventilation,  as 
reflected  in  the  CO^  clearance,  is  also  increased,  its  rate  of  increase  is  not 
enough  to  maintain  the  same  rate  of  increase  in  total  ventilation.  Therefore, 
the  ratio  of  alveolar  to  total  ventilation  is  invariably  reduced  at  all  three 
levels  of  hypoxia. 

The  respiratory  response  to  hypoxia  in  the  cold  and  in  the  heat  are  of  a 
somewhat  different  nature  from  that  in  the  neutral  environment.  In  the  cold 
the  total  ventilation  is  almost  the  same  under  9%  O2  as  under  room-air 
breathing,  while  it  is  decisively  depressed  under  7%  O^.  There  is  also  a 
progressive  reduction  of  metabolic  rate  due  to  the  suppression  of  shivering. 
Contrary  to  these  findings,  the  total  ventilation  is  enhanced  to  a  marked 
degree  in  the  warm  environment.  This  is  achieved  by  an  altered  respiratory 
pattern  of  a  deep  and  slower  type  of  breathing.  In  consequence,  the  alveolar 
ventilation  is  greatly  improved  and  the  ratio  of  the  alveolar  to  total  ventila¬ 
tion  is  elevated.  The  ventilatory  response  to  the  combined  stresses  of  heat 
and  hypoxia  is  of  a  considerable  magnitude,  suggesting  a  maximal  mobiliza¬ 
tion  of  the  respiratory  apparatus.  The  five  animals  having  an  average  body 
weight  of  13.6  kg  revealed  a  mean  total  ventilation  of  49  L/min  after  having 
been  given  9%  or  7%  O^.  This  is  approximately  3.6  L/min  of  ventilation  per 
kg  of  body  weight.  In  a  normal  man  of  an  average  body  weight  of  75  kg,  the 
maximum  breathing  capacity  is  approximately  170  L/min,  which  has  the 
ratio  of  2.  2  L/min  of  ventilation  per  kg  of  body  weight.  Since  the  maximum 
breathing  capacity  is  known  to  be  the  largest  amount  of  ventilatory  response 
attainable,  the  greater  magnitude  of  respiratory  response  observed  under 
the  combined  stresses  of  heat  and  hypoxia  deserves  attention  in  future 
investigation. 

The  Lethal  Level  of  Hypoxia.  At  the  end  of  the  experiment  the  O2  supply 
to  the  animal  is  shut  off  completely  to  determine  the  level  of  hypoxia  at  which 
the  animal's  respiration  ceases.  The  terminal  O2  fraction  of  the  inspiratory 
gas,  which  is  read  from  the  O2  analyzer,  is  summarized  in  Table  7. 
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Although  there  is  a  considerable  difference  in  the  lethal  threshold  among 
animals  even  in  the  same  series,  it  is  apparent  that  the  average  lethal 
hypoxic  level  in  the  lightly  anesthetized  dogs  is  at  the  vicinity  of  3  per  cent 
of  the  inspiratory  O2  fraction.  This  corresponds  to  approximately  20  mm  Hg 
of  the  O2  tension.  (The  elevation  of  Albuquerque,  New  Mexico  =  5,  300  ft. 

The  average  barometric  pressure  =  630  mm  Hg.  ) 

It  is  also  apparent  from  the  table  that  there  is  no  significant  difference 
in  the  lethal  threshold  between  the  neutral  and  cold  series.  However,  it  is 
indicated  that  the  animals  of  the  heat  series  succumb  to  hypoxia  at  a  higher 
level  of  inspiratory  O 2,  which  is  approximately  5%  of  O2  (P02  =  ^ 2  mm  Hg), 
suggesting  the  lowered  tolerance  to  hypoxia  under  the  heat  stress. 


Hemodynamics.  The  results  on  the  cardiac  output,  the  systemic  arterial 
blood  pressure  and  other  related  cardiovascular  measurements  in  each  ani¬ 
mal  are  shown  in  detail  in  Table.  3.  The  cardiac  output  during  the  first 
period  (room-air  breathing)  of  the  neutral  group  (hypoxia  series)  averaged 
2.  643  L/min  in  1 1  animals.  It  was  2.  972  L/min,  2.  655  L/min  and  3.  420 
L/min  following  9%,  7%  and  5%  O2  and  these  values  represent  approximately 
12%,  0.  5%  and  29%  increases  over  the  value  observed  during  the  first  period, 
respectively.  Due  to  the  relatively  large  variation  observed  among  individual 
measurements,  the  statistical  analysis  of  the  cardiac  output  revealed  no  sig¬ 
nificant  difference  between  each  period.  The  results  in  the  cold  series  under 
hypoxia  show  a  similar  result  except  for  the  third  period  (7%  O2)  where  the 
cardiac  output  is  markedly  reduced.  This  reduction  is  apparently  due  to  the 
animal's  inability  to  tolerate  this  level  of  hypoxia  in  the  cold  environment. 
Note  also  that  not  only  the  cardiac  output  but  also  the  O2  consumption  and 
pulmonary  ventilation  are  markedly  depressed  during  the  same  period  in  the 
cold  series  (see  Table  2).  Contrary  to  the  findings  in  the  neutral  and  cold 
series,  the  cardiac  output  showed  a  marked  elevation  in  the  heat  series  under 
hypoxia.  The  control  value  in  this  series  during  the  first  period  (room-air 
breathing)  was  2.522  L/min  and  it  was  significantly  increased  to  3.  505  L/min 
(39%  increase)  at  9%  or  7%  O2  level  (t=2.  67,  d.  f.  =8,  0.  02<p<0.  05).  Obviously 
the  return  to  the  air  following  hypoxia  brought  the  cardiac  output  back  close 
to  the  control  level. 

The  alterations  in  the  heart  rate  and  the  stroke  volume  indicate  that  the 
heart  rate  is  significantly  increased  under  9%  and  7%  O2  while  it  returns  to 
the  control  level  at  5%  O2.  The  concomitant  changes  in  the  stroke  volume 
are  the  reductions  under  9%  and  7%  O2  and  no  change  under  5%  02*  Such 
opposite  trends  between  cardiac  frequency  and  amplitude  tend  to  maintain  the 
cardiac  output  relatively  constant  throughout  the  hypoxia  periods  in  the 
neutral  series.  However  this  does  not  apply  in  the  cold  or  heat  series  as 
shown  in  Table  3.  In  the  cold  series  the  heart  rate  tends  to  decrease  at  9% 
02  while  the  stroke  volume  tends  to  increase.  At  7%  the  heart  rate  is 


40 


markedly  depressed  along  with  the  stroke  volume.  In  the  heat  series  both 
the  heart  rate  and  the  stroke  volume  show  a  tendency  to  increase. 

The  systemic  arterial  pressure  in  the  neutral  series  under  hypoxia  shows 
a  diphasic  alteration.  Under  9%  O2  it  is  increased  mildly  only  to  return  to 
the  control  level  at  7%  O2.  and  then  under  5%  O2  it  is  decreased  below  the 
control  level.  The  pulse  pressure  remains  almost  the  same  throughout  all 
the  levels  of  hypoxia.  In  the  cold  with  hypoxia  there  is  a  progressive  reduc¬ 
tion  of  both  systolic  and  diastolic  pressures  with  other  signs  of  generalized 
depression.  The  blood  pressure  remains  relatively  constant  in  the  heat 
series  under  hypoxia  except  at  the  third  period  where  the  blood  pressure 
tends  to  fall  at  the  core  temperature  above  43°  C. 

In  the  neutral  series  the  arteriovenous  O2  difference  remains  remark¬ 
ably  unchanged  under  hypoxia  until  the  inspiratory  O2  fraction  reaches 
5  per  cent  where  it  is  reduced  to  2.  8  vol.  %  on  the  average.  One  of  the  inter¬ 
esting  observations  in  relation  to  the  arteriovenous  O2  difference  is  that  the 
shivering  activity  extracts  a  large  amount  of  O2  from  the  muscles  causing  a 
marked  reduction  of  the  O2  content  of  the  mixed  venous  blood.  This  fact  is 
reflected  in  the  large  increase  of  the  arteriovenous  O2  difference  in  the 
control  groups  of  the  neutral  and  cold  series.  In  the  latter  groups  it  reaches 
almost  10  vol.  %  of  O2. 

As  a  rough  estimate  of  the  pulmonary  ventilation  and  blood  flow,  a  ratio 
of  the  alveolar  ventilation  and  the  cardiac  output  (Va/a)  is  estimated.  As 
shown  in  Table  3,  this  ratio  ranges  from  1.  4  to  2.  0  in  me  control  group  of 
the  neutral  series.  Under  the  hypoxia  of  9%,  7%  and  5%  O2.  the  ratio  is 
maintained  at  a  mean  value  of  1.  2  to  1.6.  On  the  other  hand,  the  ratio  tends 
to  fall  in  the  cold  series  whereas  it  is  markedly  elevated  to  6.  8  in  the  heat 
series  under  hypoxia. 


SECTION  5.  DISCUSSION 


Our  finding  of  marked  reductions  of  both  central  and  peripheral  tempera¬ 
tures  under  hypoxia  in  the  cold  confirms  numerous  observations  made  by 
others  in  the  past.  The  principal  cause  of  such  reduction  is  the  suppression 
of  heat  conservation  mechanism  (shivering)  by  hypoxia  rather  than  the  facili¬ 
tation  of  heat  loss  mechanism  (vasodilatation).  As  a  matter  of  fact,  the 
patterns  of  temperature  drop  of  the  central  and  peripheral  areas  are  almost 
identical  (see  Figure  2),  indicating  no  unusual  involvement  of  vasomotor 
activities  under  hypoxia.  The  elevation  of  peripheral  temperature  (facilita¬ 
tion  of  heat  loss  mechanism)  during  hypoxia  as  observed  by  Kottke  et  al 
(1948)  in  man  and  in  animals  could  not  be  confirmed  in  the  present 
investigation. 
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Although  the  suppression  of  shivering  in  hypoxia  has  been  repeatedly 
observed  by  others,  the  mechanism  of  this  suppression  has  never  been 
clearly  elucidated.  As  demonstrated  in  the  rebreathing  series  of  this  study, 
the  hypocapnia  produced  by  the  hyperventilation  under  hypoxia  appears  to  be 
one  of  the  suppressive  mechanisms.  Such  a  close  relationship  between 
shivering  and  respiration  strongly  suggests  that  either  the  efferent  pathways 
of  shivering,  originating  from  the  hypothalamus,  pass  through  the  respira¬ 
tory  centers  in  the  medulla  or  there  are  intimate  neural  connections  between 
the  respiratory  centers  and  the  efferent  pathways  of  shivering. 

A  further  attempt  to  establish  a  relationship  between  the  intensity  of 
shivering  and  inspiratory  CO2  level  was  unsuccessful,  as  shown  in  the  CO2 
series  of  this  investigation.  A  review  of  literature  in  this  regard  reveals 
conflicting  results  among  different  authors.  Hensel  (1949)  has  reported  a 
facilitation  of  shivering  by  inhibition  of  3%  CO^  in  the  air  in  three  normal 
subjects.  The  experiment  was  conducted  in  a  weather  chamber- whose 
temperature  was  kept  at  10°  C.  The  duration  of  CO^  inhalation  was  short, 
lasting  for  one  minute  in  most  cases.  Within  10  to  15  seconds  of  CO^  inhala¬ 
tion,  shivering  became  vigorous  as  registered  on  an  electromyograph.  When 
the  subject  was  returned  to  air  breathing,  the  intensity  of  shivering  dimin¬ 
ished.  Contrary  to  these  data,  von  Euler  and  Soderberg  (1958)  have  observed 
the  inhibition  of  shivering  in  the  anesthetized  cat  during  spontaneous  breath¬ 
ing  or  artificial  respiration  when  6.  5%  of  CO2  in  was  given.  Similarly, 
Miller  et  al  (1955)  have  reported  the  inhibition  of  shivering  during  inhalation 
of  1%  to  5%  CO2  with  an  increased  feeling  of  warmth  in  man.  Further  investi¬ 
gation  in  the  future  along  this  line  is  definitely  warranted  to  clarify  the  rela¬ 
tionship  between  shivering  and  respiration. 

The  facilitation  of  thermal  panting  (heat  loss  mechanism)  under  hypoxia 
is  certainly  an  interesting  phenomenon  particularly  in  view  of  the  opposite 
effect  of  hypoxia  on  shivering  (heat  conservation  mechanism).  In  good 
agreement  with  our  findings,  McCutchan  and  Taylor  (1954)  reported  facilita¬ 
tion  of  sweating  under  hypoxia  in  man.  In  a  pressure  chamber  where  air 
temperature  was  maintained  at  60°  C  with  a  vapor  pressure  of  21  to  23  mm 
Hg,  four  healthy  subjects  were  tested  for  the  effect  of  altitude  on  body  tem¬ 
perature,  perspiration  and  heart  rate.  At  the  chamber  pressures  of  568  mm 
Hg  (equivalent  to  8,  000  feet)  and  379  mm  Hg  (equivalent  to  18,  000  feet)  the 
perspiration  rates  rose  from  293  gm/m  /hr  of  control  value  (sea  level)  to 
328  gm/m^/hr,  respectively. 

For  the  interpretation  of  our  data  it  is  necessary  to  review  briefly  the 
anatomical  relationship  between  the  neural  components  for  thermoregulation 
and  respiration.  For  all  practical  purposes  it  may  be  stated  that  the  heat 
dissipation  center  is  located  at  the  anterior  hypothalamus  and  that  the  heat 
conservation  center  is  at  the  posterior  hypothalamus.  These  thermoregula¬ 
tory  centers  have  a  connection,  at  least  functionally  as  it  is  observed  in  our 
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experiment,  with  the  respiratory  centers  in  the  medulla  oblongata  where  the 
predominant  stimulus  is  the  blood  CO2  level.  On  the  other  hand,  the  hypoxic 
drive  originates  from  the  carotid  and  aortic  bodies  and  is  linked  reflexly 
with  the  medullary  respiratory  centers.  The  physiological  response  we 
observed  is  the  result  of  interplay  between  the  hypothalamus,  the  medulla 
and  the  chemoreceptors  in  the  thorax.  Our  findings  and  the  data  in  the  liter¬ 
ature  suggest  that  the  heat  conservation  mechanism  and  the  heat  dissipation 
mechanism  are  influenced  by  hypoxia  in  a  different  manner.  The  former 
(shivering)  is  suppressed  while  the  latter  (thermal  panting  or  sweating)  is 
facilitated.  One  of  the  interpretations  of  such  physiological  response  is  that 
the  efferent  potentials  from  the  heat  dissipation  center  (anterior  hypothal¬ 
amus)  is  powerful  enough  to  overcome  the  inhibitory  effect  of  hypocapnia  at 
the  medulla  and  is  further  potentiated  by  the  reflex  drive  of  hypoxia  from  the 
carotid  and  aortic  bodies.  Contrary  to  this,  the  efferent  potentials  from  the 
heat  conservation  center  (posterior  hypothalamus)  are  not  strong  enough  to 
overcome  the  inhibitory  effect  of  hypocapnia.  Interestingly  enough,  such  a 
postulate  of  differentiation  of  efferent  central  drives  of  heat  gain  and  heat 
loss  mechanisms  is  in  good  conformity  with  our  previous  observation,  in 
which  the  predominance  of  central  mechanism  over  the  peripheral  mechan¬ 
ism  in  thermal  panting  and  the  reverse  relationship  in  shivering  are 
demonstrated  (Lim,  I960). 

The  O2  uptake  during  hypoxia  has  been  reported  variously  in  the  past. 
Some  believe  that  it  is  somewhat  augmented;  others  feel  that  there  is  no 
alteration;  while  still  others  consider  that  it  is  mildly  reduced.  There  are 
two  factors  which  must  be  taken  into  account  in  the  evaluation  of  O2  consump¬ 
tion  in  hypoxia  —  the  alteration  of  body  temperature  and  the  duration  of 
hypoxia.  Under  hypoxia  the  body  temperature  tends  to  fall  in  the  anesthe¬ 
tized  animals,  even  in  the  ordinary  neutral  environment,  reducing  the  meta¬ 
bolic  rate.  Secondly,  there  is  a  temporary  reduction  of  O2  uptake  for  about 
10  to  20  minutes  immediately  following  exposure  to  hypoxia.  This  is  due  to 
the  reduction  of  total  oxyhemoglobin  and  tissue  oxygen  level  to  a  new  level, 
which  serves  as  a  temporary  oxygen  source  thus  reducing  the  O2  uptake  from 
the  lungs. 

According  to  Hemingway  and  Nahas  (1952)  the  O2  consumption  fell  early 
in  the  hypoxic  period  (8%  to  16%  O2  in  N2  for  one  hour)  but  rose  to  above 
prehypoxic  values  later  in  the  period  in  four  unanesthetized  trained  dogs  in 
both  cold  (12°  C)  and  warm  (24°  C)  environments.  The  rectal  temperature 
fell  almost  at  the  same  rate  in  both  environments  for  breathing  mixtures  of 
20.9%,  16%  and  8%  Pichotka  et  al  (1955)  reported  a  reduction  of  O2 
consumption  under  hypoxia  (8%  O2  for  100  minutes)  below  prehypoxic  level 
in  guinea  pigs,  with  a  fall  of  rectal  temperature  to  a  vicinity  of  34°  to  35°  C, 
Similarly,  Cross  and  his  associates  (1955)  observed  a  reduction  of  O2  con¬ 
sumption  in  new-born  infants  in  response  to  hypoxia.  Stroud  and  Rahn  (1953) 
reported  practically  no  change  in  O2  consumption  before  and  after  hypoxia 
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(109  ml/min  vs.  114  ml/min)  (8%  O2  in  N2  for  10  to  15  minutes)  in  16  nem- 
butalized  dogs.  No  account  of  the  body  temperature  was  given  in  the  paper. 
Lewis  and  Gorlin  (1952)  observed  increased  O2  consumption  in  nine  anesthe¬ 
tized  dogs  (Morphine-Urethane-Chloralose)  breathing  10%  O2  for  4  minutes 
to  8  hours.  Again,  nothing  is  mentioned  about  the  alteration  of  the  body 
temperature. 

Our  observation  on  O2  consumption  during  hypoxia  in  the  neutral  series 
showed  no  marked  change,  with  a  gradual  reduction  of  core  temperature 
from  37.  5°  to  35.  0°  C  (Table  2).  Therefore,  it  is  possible  that  if  the  body 
temperature  were  maintained  constant,  the  O2  consumption  in  hypoxia  might 
have  been  significantly  higher  than  the  prehypoxic  level.  In  this  connection 
it  is  interesting  to  note  Pugh's  contention  that  adult  homeotherms  tend  to 
increase  their  O2  consumption  in  hypoxia,  presumably  because  of  the  extra 
metabolism  involved  in  the  greater  respiratory  effort  engendered  by  chemo- 
receptor  stimulation  (Pugh,  1957).  One  more  point  regarding  the  respira¬ 
tory  gas  exchange  in  hypoxia  is  that  CO2  output  during  hypoxia  may  not 
return  to  normal  for  30  to  40  minutes,  as  observed  in  man  by  Rahn  and  Otis 
(1947).  Apparently  it  is  also  the  case  in  our  experiment,  because  the  res¬ 
piratory  exchange  ratio  (RER)  is  significantly  elevated  in  the  neutral  series 
at  less  than  5%  level  throughout  the  period  of  9%,  7%  and  5%  O2  inhalation. 

The  authors  are  unable  to  locate  the  literature  concerning  the  effect  of 
hypoxia  on  the  alveolar  and  dead  space  ventilation.  As  demonstrated  in  this 
study  (see  Table  2),  there  is  a  consistent  pattern  of  relationship  between  the 
alveolar  and  total  ventilation  in  hypoxia.  In  the  neutral  environment  hypoxia 
causes  increases  in  both  alveolar  and  total  ventilation,  but  the  ratios  of  in¬ 
crease  in  each  measurement  are  not  the  same:  the  rate  of  increase  in  the 
alveolar  ventilation  is  much  slower  than  that  of  the  total  ventilation,  indicat¬ 
ing  an  increased  dead  space  ventilation.  Thus,  the  ratio  between  the  alveolar 
to  total  ventilation  is  below  40  per  cent  in  hypoxia  while  it  is  above  50  per 
cent  in  the  control.  When  the  physiological  dead  space  is  computed  it  also 
shows  an  increase  from  94  ml  (air)  to  142  ml  (5%  O 2)  on  the  average.  The 
mechanism  of  increase  of  physiological  dead  space  in  hypoxia  is  probably  due 
to  the  altered  relationship  of  ventilation-perfusion.  As  shown  in  Table  3,  the 
cardiac  output  remains  virtually  constant  during  hypoxia  as  compared  to  the 
normal  level  while  the  alveolar  ventilation  is  increased.  It  appears  that  the 
lungs  are  over- ventilated  and  normally  perfused  during  hypoxia. 

There  is  a  large  amount  of  literature  (Korner,  1959;  Fishman,  1961)  con¬ 
cerning  the  effect  of  hypoxia  on  hemodynamics.  A  critical  review  of  these 
papers  reveals  that:  (1)  Cardiac  output  is  unchanged  or  increased  only 
slightly,  if  at  all;  (2)  in  most  cases  the  heart  rate  is  increased;  (3)  the  stroke 
volume  is  either  slightly  reduced,  unchanged  or  very  mildly  increased;  and 
(4)  the  systemic  arterial  blood  pressure  tends  to  increase.  Our  data  do  not 
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show  any  statistically  significant  change  in  the  cardiac  output  before  and  dur¬ 
ing  hypoxia  in  all  levels  of  hypoxia,  i.  e.  9%,  7%  and  5%  02,  although  numer¬ 
ically  there  is  a  trend  of  gradual  increase  up  to  approximately  30  per  cent. 
However,  due  to  the  large  variations  inherent  in  the  estimation  of  the 
cardiac  output,  the  alterations  less  than  30  per  cent  cannot  be  stated  as 
significant  with  certainty. 

When  the  level  of  hypoxia  is  expressed  as  the  percentage  of  02  in  the 
blood,  the  control  level  of  the  arterial  saturation  ranges  from  81%  to 
94%  in  all  the  series  involved  in  our  study.  Such  a  mild  reduction  in  the 
arterial  02  saturation  is  almost  unavoidable  when  the  animal  is  anesthetized 
at  the  surgical  stage.  Upon  imposition  of  hypoxia  with  9%,  7%  and  5%  02, 
the  corresponding  02  saturation  was  reduced  to  45%,  37%  and  25%,  respec¬ 
tively,  in  the  systemic  artery  and  to  26%,  17%  and  11%,  respectively,  in  the 
mixed  venous  blood. 
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